Using metallicities from the literature, combined with the Revised Bologna Catalogue of photometric data for M31 clusters and cluster candidates (the latter of which is the most comprehensive catalogue of M31 clusters currently available, including 337 confirmed globular clusters -GCs -and 688 GC candidates), we determine 443 reddening values and intrinsic colours, and 209 metallicities for individual clusters without spectroscopic observations. This, the largest sample of M31 GCs presently available, is then used to analyse the metallicity distribution of M31 GCs, which is bimodal with peaks at [Fe/H] ≈ −1.7 and −0.7 dex. An exploration of metallicities as a function of radius from the M31 centre shows a metallicity gradient for the metal-poor GCs, but no such gradient for the metal-rich GCs. Our results show that the metal-rich clusters appear as a centrally concentrated spatial distribution; however, the metal-poor clusters tend to be less spatially concentrated. There is no correlation between luminosity and metallicity among the M31 sample clusters, which indicates that self-enrichment is indeed unimportant for cluster formation in M31. The reddening distribution shows that slightly more than half of the GCs are affected by a reddening of E(B − V ) 0.2 mag; the mean reddening value is E(B − V ) = 0.28 +0.23 −0.14 mag. The spatial distribution of the reddening values indicates that the reddening on the northwestern side of the M31 disc is more significant than that on the southeastern side, which is consistent with the conclusion that the northwestern side in nearer to us.
INTRODUCTION
The formation and evolution scenarios of the Milky Way Galaxy still remain among the most important unsolved problems in contemporary astrophysics (Perrett et al. 2002) . One promising way for us to better understand, and to possibly make progress towards addressing these issues is by studying globular clusters (GCs). GCs are generally considered the fossils of the galactic formation and evolution processes, since they form during the very early stages of their host galaxy's evolution (Barmby et al. 2000) . GCs are very dense, gravitationally bound spherical systems of several thousands to more than a million stars. They can be observed out to much greater distances than individual stars, so that they can be used, and are in fact the ideal tracers, to study the properties of extragalactic systems. The most distant GC systems that have been studied to date are those in the Coma cluster; for instance, Baum et al. (1995) presented GC counts in the bright elliptical galaxy NGC 4881 (at a distance of ≃ 108 Mpc; Baum et al. 1995 ) based on ⋆ E-mail: majun@bac.pku.edu.cn Hubble Space Telescope (HST)/WFPC2 observations. Using data of similar quality, Kavelaars et al. (2000) , Harris et al. (2000) and Woodworth & Harris (2000) published a series of papers on the GCs in NGC 4874 and IC 4051, the central cD galaxy and a giant elliptical galaxy in the Coma cluster, respectively.
Located at a distance of about 780 kpc (Stanek & Garnavich 1998; Macri 2001) , M31 is the nearest and largest spiral galaxy in the Local Group of galaxies. It contains 337 confirmed GCs and 688 GC candidates (Galleti et al. 2004) , thus allowing us access to a much larger number of GCs than in our own Galaxy. However, despite the difference in GC numbers, from the observational evidence collected so far (see, e.g., Rich et al. 2005) , the M31 GCs and their Galactic counterparts reveal some striking similarities (Fusi Pecci et al. 1994; Djorgovski et al. 1997; Barmby et al. 2002a ). More recently, Kim et al. (2007) embarked on a new systematic wide-field CCD survey of M31 GCs, and found 1164 GCs and GC candidates -of which 559 are previously known GCs and 605 newly-found GC candidates; based on survey data from the Canada France Hawaii telescope and Wide Field Camera on the Isaac Newton telescope, Huxor (2007) combined his detailed anal-ysis of the M31 GC system with recent results based on the galaxy's stellar halo, and concluded that M31 and the Milky Way are rather more similar than previously thought. Therefore, studying the properties of the GCs in M31 may not only improve our understanding of the formation and structure of our nearest large neighbour galaxy, but also that of our own Galaxy. However, there are also significant differences 1 between the GC systems of the Milky Way and M31: in particular, M31 has a much larger population of GCs than the Milky Way (see Kim et al. 2007 , and references therein); there are populations of "faint fuzzies" and extended GCs in the outer halo of M31 that are not seen in the Milky Way (Huxor et al. 2005; Mackey et al. 2006 Mackey et al. , 2007 , and there is a population of young to intermediate-age GCs in M31 that are (again) not seen in the Milky Way again (see, eg., Beasley et al. 2004; Puzia et al. 2005) .
A reliable estimate of the reddening, caused by dust contamination, is important for the study of the stellar population of a given GC, in order to obtain its intrinsic spectral energy distribution. In general, on galaxy-wide scales dust tends to be distributed close the the galactic plane in galactic discs. Therefore, the disc clusters are most affected by extinction due to dust in the galactic disc (in addition to the effects due to Galactic foreground extinction). A reliable estimate of the extinction caused by Galactic material along a given line of sight can be obtained from the reddening maps of Burstein & Heiles (1982) and Schlegel et al. (1998) . However, a reliable estimate of the internal extinction in a given galaxy is not easy to obtain. More specifically, although there were some ways in which to deal with the problem of determining the reddening toward the GCs in M31 prior to the publication of Barmby et al. (2000) , some may not have been fully satisfactory. For example, van den Bergh (1969) assumed a uniform reddening for the clusters when he pioneered integrated-light spectroscopy of M31 GCs, whereas Iye & Richter (1985) assumed GCs to have a single intrinsic colour when using them as reddening probes; some authors (see e.g. Kron & Mayall 1960; Vetešnik 1962a; Harris 1974; van den Bergh 1975; Bajaja & Gergely 1977) assumed that the halo GCs in M31 were only affected by Galactic foreground extinction, based on which they then averaged the intrinsic colours of the halo GCs and subtracted this value from the observed colours to obtain the reddening values for all the GCs (see details in Barmby et al. 2000) . There are also two other ways to determine the reddening of M31 clusters, which seem reasonable but they have only been applied to a handful of clusters : Frogel et al. (1980) estimated the individual reddening for 35 clusters using the reddening-free parameter QK , based on unpublished spectroscopic data by L. Searle; Crampton et al. (1985) used the intrinsic colours of the 35 clusters obtained by Frogel et al. (1980) to calibrate (B − V )0 as a function of spectroscopic slope parameter S of the continuum between ∼ 4000 and 5000Å, and then determined the intrinsic colours for about 40 GCs and GC candidates. Barmby et al. (2000) presented a new catalogue of photometric and spectroscopic data of M31 GCs, and determined the reddening for each individual cluster using correlations between optical and infrared colours and metallicity, and by defining various "reddening-free" parameters based on this catalogue. Barmby et al. (2000) found that the M31 and Galactic GC extinction laws (see their table 6), and the M31 and Galactic GC colour-metallicity relations are similar to each other. They then estimated the reddening to M31 objects with spectroscopic data using the relation between intrinsic optical colours and metallicity as determined for Galactic clusters. For objects without spectroscopic data, they used the relationships between the reddeningfree parameters and certain intrinsic colours, based on the Galactic GC data. Barmby et al. (2000) compared their results with those in the literature and confirmed that their estimated reddening values are reasonable, and quantitatively consistent with previous determinations for GCs across the entire M31 disc. In particular, Barmby et al. (2000) showed that the distribution of reddening values as a function of position appears reasonable in that the objects with the smallest reddening are spread across the disc and halo, while the objects with the largest reddening are concentrated in the galactic disc. The reddening values for M31 clusters obtained by Barmby et al. (2000) are widely used (see, e.g., Jiang et al. 2003; Ma et al. 2006b; Fan et al. 2006; Rey et al. 2007) To study the metal abundance properties of GCs can help us understand the formation and enrichment processes of their host galaxy. For example, if galaxies form as a consequence of a monolithic, dissipative and rapid collapse of a single massive, nearly-spherical spinning gas cloud in which the enrichment timescale is shorter than the collapse time, the halo stars and GCs should show large-scale metallicity gradients (Eggen et al. 1962; Barmby et al. 2000) . On the other hand, Searle & Zinn (1978) presented a chaotic scheme for the early evolution of a galaxy, in which loosely bound pre-enriched fragments merge with the main body of the proto-galaxy over a significant period, in which case there should be a more homogeneous metallicity distribution. At present, most galaxies are thought to have formed through a combination of both of these scenarios (see also Section 4.5)
HST provides a unique tool for studying GCs in external galaxies. For example, based on data from the HST archive, Gebhardt & Kissler-Patig (1999) , Larsen et al. (2001) and Kundu & Whitmore (2001) showed that many large galaxies possess two or more subpopulations of GCs that have quite different chemical compositions (see also West et al. 2004) . Recently, Peng et al. (2006) presented the colour distributions of GC systems for 100 early-type galaxies from the ACS Virgo Cluster Survey, and found that, on average, galaxies at all luminosities appear to have bimodal or asymmetric GC colour/metallicity distributions. The presence of colour bimodality among these old GCs indicates that there have been at least two major star-forming mechanisms in the (early) histories of massive galaxies (West et al. 2004; Peng et al. 2006; .
Based on the newest photometric and spectral data, in this paper we determine reliable reddening values for 443 GCs and GC candidates (the largest GC sample in M31 used to date), and we also determine the metallicities for 209 GCs and GC candidates without spectroscopic observations. We then perform a statistical analysis using this GC sample. We describe the photometric and spectroscopic data for the M31 GCs in Section 2. In Section 3, we determine and analyse the reddening of our M31 GC sample. Section 4 is devoted to our statistical analysis. Finally, the discussion and conclusions of this paper are presented in Section 5. Galleti et al. (2004) present the final Revised Bologna Catalogue of M31 GCs including 337 confirmed GCs and 688 GC candidates which compose our primary sample. From a comparison with Barmby et al. (2000) and Perrett et al. (2002) , 89 candidates turn out not to be GCs, and these were thus removed from the sample. More recently, Huxor (2007) provided a further revision of the Bologna Catalogue, including a number of additional clusters in the halo of M31. Because he only provides photometry for these new clusters in two filters, we will not include these in our final sample, however (see below regarding the photometric requirements of the method we adopt in this paper).
DATABASE

The sample
The optical and near-infrared photometric data
The source of the photometric data utilised in this paper is from the catalogue of Galleti et al. (2004) , i.e. the updated Bologna Catalogue with homogenised optical (U BV RI) photometry collected from the most recent photometric references available in the literature. In this catalogue, Galleti et al. (2004) used the U BV RI photometry from Barmby et al. (2000) as a reference to obtain the master catalogue of photometric measurements as homogeneously as possible. In addition, Galleti et al. (2004) identified 693 known and candidate GCs in M31 using the 2MASS database, and included their 2MASS JHKs magnitudes, transformed to the CIT photometric system (Elias et al. 1982 (Elias et al. , 1983 . Galleti et al. (2004) compile a final table including the U BV RIJHKs photometric data for the 337 confirmed and 688 candidate GCs in M31 (their table 2), which is the photometric database we use in this paper. Huchra et al. (1991) obtained spectroscopy of 150 M31 GCs with the Multiple Mirror Telescope (MMT). The system they used has a resolution of 8-9Å and enhanced blue sensitivity. Their observations extend to the atmospheric cut-off at 3200Å, since many of the strongest and most metallicity-sensitive spectral features of interest are in the UV (see details in Brodie & Huchra 1990 ). Huchra et al. (1991) determined the metallicities for these 150 GCs using six absorption-line indices from integrated cluster spectra, following Brodie & Huchra (1990) . Barmby et al. (2000) determined the metallicities of 61 M31 GCs and GC candidates using the Keck Low Resolution Imaging Spectrometer (LRIS) and the MMT Blue Channel spectrograph. They computed the absorption-line indices using the method of Brodie & Huchra (1990) . Barmby et al. (2000) combined the measured indices based on the metallicity calibration from Brodie & Huchra (1990) , in order to determine metallicities. Their metallicities were found to be consistent with those of Huchra et al. (1991) . Finally, Barmby et al. (2000) compiled a catalogue of spectroscopic metallicities for 188 M31 GCs 2 . Perrett et al. (2002) determined the metallicities of 201 GCs in M31 using the Wide-Field Fibre Optic Spectrograph (WYF-FOS) at the 4.2m William Herschel Telescope. They calculated 12 absorption-line indices following the method of Brodie & Huchra (1990) . By comparison of the line indices with the previously published M31 GC [Fe/H] values of Bònoli et al. (1987) , Brodie & Huchra (1990) , and Barmby et al. (2000) , Perrett et al. (2002) found that the line indices of the CH (G band), Mg b and Fe53 lines best represent the metal abundances of their observed targets. They determined the final metallicities of these GCs based on an unweighted mean of the [Fe/H] values calculated from the G band, Mg b, and Fe53 line strengths.
Spectroscopic metallicities
2 http://cfa-www.harvard.edu/∼huchra/m31globulars/m31glob.dat There are some GCs in our sample for which the metallicities were determined in two or three of the studies mentioned above. To use all the metallicities as coherently as possible, we use the metallicities of Perrett et al. (2002) whenever available, since Perrett et al. (2002) present the largest (homogeneous) sample of M31 GC metallicities. For the metallicities determined by Huchra et al. (1991) and Barmby et al. (2000) , there is only one GC in common, object B328. Huchra et al. (1991) and Barmby et al. (2000) determined its metallicity at [Fe/H] = −1.22 ± 0.80 and [Fe/H] = −1.51 ± 0.28, respectively. We adopt the metallicity from Barmby et al. (2000) , given its smaller associated uncertainty.
Overall, we obtained metallicities for 295 M31 GCs, which we list in Table 1 . We will refer to these data as our spectroscopic metallicity catalogue (hereafter SMCat). We will use the SMCat to perform our statistical analysis. Barmby et al. (2000) and Perrett et al. (2002) determined the GC metallicities using the metallicity calibration defined in Brodie & Huchra (1990) . Therefore, all three metallicity determinations are on the same [Fe/H] system. Perrett et al. (2002, their fig. 7) show convincingly that there are no systematic offsets among these three sets of metallicity determinations.
REDDENING DETERMINATIONS
As already discussed in the introduction, there are several ways of dealing with the problem of determining the reddening towards the M31 clusters. Barmby et al. (2000) determined the largest number of reliable reddening values for M31 GCs using correlations between optical and infrared colours and metallicity, and by defining various "reddening-free" parameters based on their catalogue of multicolour photometry. Barmby et al. (2000) compared their results with those in the literature and confirmed that their estimated reddening values are reasonable, and quantitatively consistent with previous determinations for GCs across the entire M31 disc. Below, we will determine more M31 GC reddening values based on the method of Barmby et al. (2000) , and on the Revised Bologna Catalogue (Galleti et al. 2004) , which is the newest and the most comprehensive multicolour catalogue available at present.
Constructing the correlations based on Galactic clusters
In this section, we will construct the correlations between optical colours and metallicity by defining various "reddening-free" parameters (henceforth referred to as Q parameters), following Barmby et al. (2000) , based on the infrared photometry of Brodie & Huchra (1990) and on the updated Galactic GC catalogue of Harris (1996 , updated in February 2003 hereafter H03) . Brodie & Huchra (1990) presented infrared photometry for 23 Galactic GCs. H03 lists the reddening values, metallicities, and optical colours of 150 Galactic GCs.
First, we performed linear regressions of intrinsic optical colours versus metallicity. We use the Galactic GCs with E(B − V ) < 0.5 mag, following Barmby et al. (2000) :
(1)
where (X − Y ) represents any colour, and (X − Y )0 represents the relevant intrinsic colour obtained based on the reddening values listed in H03. The reddening ratio can be determined from the Galactic extinction law of Cardelli et al. (1989) . The fit results with correlation coefficients r > 0.8 are listed in Table 2 . We use bisector linear fits, as described by Akritas & Bershady (1996) , because we are not only interested in the case where metallicity is used to predict colour, but also in the reverse case where colour is used to predict metallicity (see details in Barmby et al. 2000) . Next, we construct relationships between Q parameters and intrinsic colours, to estimate the reddening for clusters without spectroscopic metallicities. The Q parameters are defined as
where X, Y and Z refer to photometric magnitudes in any filter. The relation between an intrinsic colour and the Q parameter is
and
The fit results with correlation coefficients r > 0.8 are listed in Table 3 . Fig. 1 shows the relationships of a few representative fits between Q-parameter and colour for Galactic GCs, randomly selected from the set of relations included in Table 3 .
Tests of the methods using heavily reddened Galactic clusters
In this section, we will test the methods adopted to derive the reddening values, using the heavily reddened Galactic GCs with E(B − V ) > 0.5 mag from H03 (which were not used to construct the calibrations discussed above). Based on Eqs. (1)- (6) and the correlation parameters from Tables 2 and 3, we can determine the reddening values for these highly reddened Galactic GCs.
For each of the two methods we averaged all values of E(B − V ) to produce one final value of E(B − V ) per method. The standard deviation of the average value of E(B − V ) is taken as its error for each method. The result of the comparison is shown in Fig. 2 , from which we can see that the results are encouraging. The average offset between E(B − V ) from the Q-parameter method and the H03 value is 0.01 ± 0.01 mag; for the colour-metallicity method, the average offset is 0.00 ± 0.01 mag. It is clear that the two data sets agree very well. Barmby et al. (2000) showed that the M31 and the Milky Way reddening laws are the same within the observational errors. Therefore, in this section, we will determine the reddening values for the M31 clusters and cluster candidates based on the calibrated colourmetallicity (C-M) and Q-parameter relations for the Milky Way from Tables 2 and 3 . The metallicities are from the SMCat and the optical and infrared photometric data are from Galleti et al. (2004) , as discussed in Sections 2.2 and 2.3. For each object, we average all reddening values obtained using the various C-M and Q-colour relations, to get one value for the reddening. The uncertainty in the reddening value thus derived is calculated as the standard deviation of the resulting reddening values. We determined the reddening values for all M31 GCs and GC Table 2 . Colour-metallicity relations for Galactic GCs Table 3 . Q-parameter-colour relations for Galactic GCs
Reddening values of the M31 clusters
candidates with sufficient data, a total of 658 objects. However, some reddening values are not reliable, such as those based on only one C-M or Q-colour relation, and those with large reddening errors. In order to maintain consistency with Barmby et al. (2000), we adopted the rules followed by these authors who rejected red-
15 mag. However, following Barmby et al. (2000) , we emphasize that the rules adopted here for rejecting reddening values are quite arbitrary. In total, 443 reliable reddening values were determined in this paper, which are listed in Table 4 . Columns 1, 3, 5, 7, and 9 list the names of the GCs, using the nomenclature adopted by Galleti et al. (2004) . From Sections 3.1 and 3.2 we find that the reddening values for the Galactic GCs obtained from different relations are internally consistent. However, for M31 GCs this is not always the case. For some GCs and GC candidates the reddening values, based on different relations, are inconsistent. Reasons for this may include that for Galactic GCs, the photometric data are accurate, but for some M31 GCs and GC candidates (particularly the fainter objects) this may not be the case. Therefore, when we average the reddening values for each object, we reject reddening values that are clearly statistical outliers: these are defined as those values that differ from the mean value for a given object by more than 1σ. Fig. 3 shows the distribution of the reliable reddening values listed in Table 4 . From Fig. 3 we find that slightly more than half of the reddening values are E(B − V ) < 0.2 mag. The distribution of the 443 reliable reddening values has a mean of E(B − V ) = 0.28
−0.14 with a standard deviation of σ = 0.17 mag, compared with E(B − V ) = 0.22; σ = 0.19 mag of Barmby et al. (2000) . Fig. 4 shows the reddening values as a function of position. The large ellipse represents the boundary of the M31 disc defined by Racine (1991) and the small ellipses on the northwestern and southeastern sides of the major axis are the D25 diameters of the M31 companion galaxies NGC 205 and M32, respectively. The distribution appears reasonable in that the objects with low reddening values are spread across the disc and halo, while those with high reddening values are mainly concentrated in the galactic disc. However, from Fig. 4 , we can also see that a substantial number of objects outside the "halo" boundary have E(B − V ) > 0.1 mag, i.e., greater than the Galactic foreground reddening in the direction of M31, as estimated by many Figure 1 . Relationships between Q-parameter and colour for Galactic GCs, for a few randomly selected representative relations from Table 3 . We are unable to include error bars, since H03 does not provide uncertainty estimates of their photometry. Frogel et al. 1980 ). In fact, Barmby et al. (2000) also noted this phenomenon. They suggested a number of plausible explanations, which include that (i) this could be caused by the large uncertainties inherent to the method; or (ii) the assumption that the M31 halo clusters are subject to only foreground reddening is somewhat dubious. Vetešnik (1962b) analysed the photometry of M31 GCs published by Vetešnik (1962a) . He assumed that the halo clusters are only affected by foreground Galactic extinction. He derived a mean intrinsic colour of (B − V )0 = 0.83 mag from the objects in the halo of M31 and calculated the colour excess for each object. Subsequently, he studied the reddening distribution of M31 GCs on either side of the major axis and found that the GCs on the northwestern side of the disc are either intrinsically redder, or suffer from more significant extinction, than those on the southeastern side of the disc.
Based on three homogeneous and independent photometric data sets for M31 GC candidates, Iye & Richter (1985) examined the differential reddening towards these objects, and found that the GCs on the northwestern side of the disc are redder than those on the southeastern side. Therefore, Iye & Richter (1985) concluded that the northwestern side of the disc of M31 is nearer to us than its southeastern side.
With the large sample of M31 clusters (and candidates) at hand, we can now also examine the reddening distribution of M31 objects on either side of the major axis, and calculate the mean E(B − V ).
Following Perrett et al. (2002) and Huchra et al. (1991) , we use the X, Y plane to indicate the position of the GCs. The X coordinate is the position along the major axis of M31, where positive X is in the northeastern direction, while the Y coordinate is along the minor axis of the M31 disc, increasing towards the northwest. The relative coordinates of the M31 clusters are derived by assuming standard geometric parameters for M31. We adopted a central position for M31 at α0 = 00 h 42 m 44 s .30 and δ0 = +41 o 16 ′ 09 ′′ .0 (J2000.0) following Huchra et al. (1991) and Perrett et al. (2002) . Formally,
where A = sin(α − α0) cos δ and B = sin δ cos δ0 − cos(α − α0) cos δ sin δ0. We adopt a position angle of θ = 38
• for the major axis of M31 (Kent 1989 ). Fig. 5 shows graphically the dependence of the average reddening on the distance from the major axis. The error bars represent the standard deviations of the means. It is clear that the reddening on the northwestern (NW) side of the disc is much greater than that on the southeastern (SE) side. The mean reddening on the northwestern and southeastern sides is E(B − V ) = 0.33 ± 0.02 and 0.24 ± 0.02 mag, respectively. Below, we will check our resulting reddening values by studying the distribution of the colours of the M31 clusters and cluster candidates as a function of the projected distance, Y , from the major axis. If our reddening values are correct, the distribution of the intrinsic colours of the M31 clusters should be symmetric, even if the distribution of the observed colours is asymmetric. The lefthand panel of Fig. 6 shows the distribution of the mean colours of the GCs and GC candidates binned in 5.5 arcmin intervals in Y . The error bars represent the standard deviations of the means. It is clear that the colour distribution is asymmetric. The right-hand panel of Fig. 6 shows the distribution of the mean intrinsic colours of the GCs and GC candidates binned in 5.5 arcmin intervals in Y . Again, the error bars represent the standard deviations of the means. Obviously, the distribution of the mean intrinsic colours is nearly symmetric. On the southeastern side, the mean intrinsic colour is (B − V )0= 0.64±0.03, while on the northwestern side the mean intrinsic colour is (B − V )0=0.66±0.02.
M31 GLOBULAR CLUSTER METALLICITIES
It is evident that the metallicity distribution of a galaxy's GC system can provide important clues as to the process and conditions relevant to galaxy formation. Previous studies of the M31 GC system have presented some important information. For example, signs of bimodality were found in the M31 metallicity distribution by Huchra 321 velocities, Perrett et al. (2002) performed a more comprehensive investigation into the kinematics of the M31 cluster system and showed that the metal-rich GCs appear to constitute a distinct kinematic subsystem that demonstrates a centrally concentrated spatial distribution with a high rotation amplitude, but it does not appear to be significantly flattened. This is consistent with a bulge population. In this section, we will examine the distribution of GC metallicities in M31 using the largest number of GCs and GC candidates available to date. We will include the metallicities determined based on GC colours.
Colour-derived metallicities
In total, 231 of the GCs and GC candidates in our sample of 443 objects with reliable reddening values have no spectroscopic metallicities. Therefore, we will determine their metallicities based on the C-M relation for these objects. From the colour excesses of GCs with spectroscopic metallicities, Barmby et al. (2000) found that the M31 and Galactic GC C-M relations are consistent. Therefore, in this section, we will determine metallicities for 231 GCs and GC candidates from their intrinsic colours by applying the Galactic C-M relation. We use bi-sector linear fits (Akritas & Bershady 1996) to determine the metallicity as a function of colour, and average the resulting metallicities over the available colours for each object (except for some significantly deviating points that are most likely due to inaccurate photometric data, i.e. those that differ from the mean value by more than 1σ, as justified above). As in the reddening determination, the standard deviations of the metallicities from individual colours are used as the error estimates. There are 209 GCs (and candidates) with metallicity determinations, which are listed in Table 5 .
Comparison of spectroscopic and colour-derived metallicities
In this section, we will test the process outlined in Section 4.1 by applying it to the clusters with spectroscopic metallicities; this includes all GCs for which the metallicities can be determined based on the C-M relation fits. The results of our comparison are shown in Fig. 7 ; the mean metallicity offset (spectroscopic minus colourderived metallicity) is 0.039 ± 0.022 dex. From Fig. 7 we can see that there is no evidence of a bias in the prediction of the metallicities. The offsets for all clusters are less than 0.7 dex, and the offsets for 4 clusters are greater than 0.5 dex. Since some of these metallicity differences are substantial, we have carefully double checked our data and results. In fact, the large spread in metallicity space is also evident from fig. 10 of Barmby et al. (2000) . However, upon close examination of the data, we found that there are 4 objects that should not be included in the calculation of the offset between spectroscopic and colour-derived metallicities, i.e. objects B068, B075, B159 and B219. For B068, we determined 14 colour-derived metallicities, and these colour-derived metallicities have a small scatter. Their mean value is [Fe/H] = −0.81 ± 0.03 dex. However, the spectral metallicity is [Fe/H] = −0.29 ± 0.59 dex; we suspect that the spectral metallicity determination may be incorrect. For B075, there are only three colour-derived metallicities, the mean value of which is [Fe/H] = −1.71 ± 0.08 dex. On the other hand, the spectral metallicity is [Fe/H] = −1.03 ± 0.33 dex, so that we think that more photometric data is needed to determine the colour-derived metallicities more accurately. For B159, there are also only three colour-derived metallicities. Their mean value is [Fe/H] = −2.33 ± 0.11 dex, whilst the GC'sspectral metallicity is [Fe/H] = −1.58 ± 0.41 dex. Therefore, we also think that more photometric data is needed to determine its colour-derived metallicity more accurately. Finally, for B219 we determined 14 colourderived metallicities, which exhibit a small scatter. The mean value of these metallicities is [Fe/H] = −0.62 ± 0.05 dex. However, the spectral metallicity is [Fe/H] = −0.01 ± 0.57 dex, while we also suspect that this spectral metallicity may be problematic. Except for these four clusters, the mean metallicity offset (spectroscopic minus colour-derived metallicity) is 0.028±0.022 dex, compared with 0.020 ± 0.021 found by Barmby et al. (2000) based on a smaller GC sample. This bias in the metallicity determination may come from large errors in either the colour-or spectroscopically determined metallicities, or both. In addition, the correlations between optical colours and metallicity, which are used to determine the colour-derived metallicity for M31 clusters, are constructed based on the Galactic GCs, which may have introduced a small (but likely insignificant) bias. In the following analysis, we have substracted this offset from all of our colour-derived metallicities. Fig. 8 shows the metallicity distributions of the spectroscopic and colour-derived samples (cf. Fig. 7) . Here, we now use a Kolmogorov-Smirnov (KS) test to demonstrate whether the two distributions in Fig. 8 are the same. We determined a value of Dmax = 0.061 for these two samples (which do not include the four objects noted above); Dmax is defined as the maximum value of the absolute difference between two cumulative distribution functions. The probability of obtaining a value of Dmax = 0.061 is 80.8%. It is clear that the KS test supports the similarity of the metallicity distributions of the spectroscopic and colour-derived samples.
Metallicity distribution
The metallicity distribution of the M31 clusters has been investigated in previous studies, including Huchra et al. (1991) , Ashman & Bird (1993) , Barmby et al. (2000) and Perrett et al. (2002) . With the current largest GC and GC candidate sample at hand, we will now reanalyse the M31 GC metallicity distribution. Including the metallicities determined based on the C-M fits, our sample includes a total of 504 metallicities. Fig. 9 shows the metallicity distribution of the M31 GCs discussed in this paper, along with a similar figure for the Milky Way GCs (from H03), for comparison. To assess whether the combination of spectral and colour-derived metallicities has an effect on the results, we consider three data sets in our analysis of the metallicity distribution of the M31 objects: Set 1 contains all ob- jects for which metallicities have been determined from spectroscopic observations; Set 2 contains the metallicities without spectroscopic observations, which have been determined based on the C-M relationships in this paper; and Set 3 contains all metallicities from Sets 1 and 2. The mean metallicities of Sets 1, 2, and 3 are [Fe/H] = −1.202 ± 0.036, −1.414 ± 0.057, and −1.290 ± 0.032 dex, respectively, i.e. comparable to (although not in all cases the same as) the value of [Fe/H] = −1.21 ± 0.03 dex obtained by Perrett et al. (2002) , and also comparable to the value of [Fe/H] = −1.298 ± 0.046 dex obtained for the Milky Way GCs (H03). However, we point out that the mean metallicities of Sets 1 and 2 are different at the 3σ level. We investigated this result carefully, and found that there are many more objects of which the metallicities determined based on the C-M relationships in this paper are lower than [Fe/H] = −2.5, compared to the number of GCs for which metallicities were determined from spectroscopic observations. Generally speaking, the objects without spectroscopic observations are fainter than those with spectroscopic observations. Therefore, we should keep in mind that the objects for which the metallicities have been determined based on the C-M relationships are fainter than those with spectroscopic observations. The photometry is more accurate for bright than for faint objects, however. For bright clusters, i.e., those with spectroscopic observations, the metallicities determined based on the C-M relationships are consistent with those determined from spectroscopic observations (see Fig. 8 ). In fact, Barmby et al. (2000) did not use the very high or low metallicity values, [Fe/H] > 0.5 or [Fe/H] < −2.5 dex, obtained based on the C-M relationships in their paper when investigating the metallicity distribution. If we exclude these very high or low metallicity values, the mean metallicities of Sets 1 and 2 are the same. At the same time, we emphasize that there are no reasons for not using these low or high metallicities when investigating the metallicity distribution for M31 GCs. The asymmetric appearance of the metallicity distribution in Fig. 9 suggests the possibility of bimodality. We use the KMM algorithm (McLachlan & Basford 1988; Ashman et al. 1994) to search for bimodality in the metallicity distribution. The input of the KMM algorithm includes the individual data points, the Gaussian group membership to be fitted, and starting values for the estimated means and common variance. In fact, for two-group homescedastic fitting, the KMM algorithm is insensitive to these input values and converges to the "correct" two-group fit even when its starting points are far from the true means and variance (see details in Ashman et al. 1994) . We assumed the same variances for both groups in the metallicity distribution; in this homoscedastic fitting the p-value of the hypothesis test returned by the KMM algorithm adequately indicates that a two-group fit is an improvement with respect to a one-group fit. Table 6 lists the parameters returned by the KMM algorithm. It is clear that the metallicity distributions of both data sets show strong bimodality. Thus, the KMM tests suggest that we can consider these two distributions of metallicity bimodal at the ∼ 100 per cent confidence level. We also investigated the KMM results based on three groups and on heteroscedastic two-group fits. The results of these exercises are listed in Tables 7 and 8 , which show that three-group and heteroscedastic two-group fits are also statistically acceptable. We point out that KMM tests assume Gaussian distributions, which may or may not be realistic here. In the following analysis, we investigate the metallicity distribution for all samples in this paper, for which the homescedastic two-group fits may be more appropriate (see Tables 6, 7 and 8). We also apply the Dip test to confirm whether or not the metallicity distributions of our M31 GC samples are multimodal. The Dip statistic is the maximum difference between the empirical distribution function, and the unimodal distribution function that minimizes the maximum difference (see details in Hartigan & Hartigan 1985; Hartigan 1985 
Spatial distribution
In the previous section, we investigated the metallicity distribution of the M31 GCs based on the KMM test. The KMM test allows us to distinguish between the metal-poor and metal-rich subsamples, i.e., the KMM test gives [Fe/H]=-1.18 dex as the dividing line between the metal-poor and metal-rich GCs. However, there are about 54 objects that exhibit intermediate probabilities of membership in both groups (0.5 < prob. < 0.6). Since it is difficult to decide unequivocally which group these objects belong to, we simply adopted the dividing line between metal-poor and metal-rich GCs from the KMM test. Figure 10 shows the projected spatial distributions of the metal-poor and metal-rich GCs in M31. Using Eqs. (7) and (8), we obtained the distances to our sample clusters from the centre of M31. From Fig. 10 , it is clear that the metal-rich GCs in M31 are more centrally concentrated, consistent with what was found by Huchra et al. (1991) and Perrett et al. (2002) . The metal-poor GCs appear to occupy a more extended halo, although also with a general concentration following the outline of the M31 disc. The latter may have been caused by selection biases, i.e., from Fig. 4 we can see that there are more clusters observed along the major axis than the minor axis. Fig. 11 shows the histograms of the metalpoor and metal-rich populations. A notable shortage of metal-poor clusters in the innermost radial bins can clearly be seen, which is also consistent with the results of Perrett et al. (2002) . In the Milky Way, the metal-rich GCs reveal significant rotation and have historically been associated with the thick-disc system (Zinn 1985; Armandroff 1989) ; however, other studies (Frenk & White 1982; Minniti 1995; Côté 1999; Forbes et al. 2001 ) have suggested that metal-rich GCs within ∼ 5 kpc of the Galactic Centre are more appropriately associated with the Milky Way's bulge and/or bar. In M31, Elson & Walterbos (1988) showed that the metal-rich clusters constitute a more highly flattened system than the metal-poor ones, and appear to have disc-like kinematics; Huchra et al. (1991) Figure 9. Metallicity distributions and homescedastic bimodal KMM tests of M31 GCs and GC candidates, subdivided by uncertainty, and Galactic GCs. showed that the metal-rich GCs are preferentially located close to the galactic centre. Huchra et al. (1991) also showed that the distinction between the rotation of the metal-rich and metal-poor clusters is most apparent in the inner 2 kpc. Therefore, they concluded that the metal-rich clusters in M31 appear to form a central rotating disc system. Perrett et al. (2002) performed a more comprehensive investigation into the kinematics of the M31 cluster system. They showed that the metal-rich M31 GCs appear to constitute a distinct kinematic subsystem that demonstrates a centrally concentrated spatial distribution with a high rotation amplitude, but that does not appear significantly flattened, consistent with a bulge population. Schroder et al. (2002) performed a maximum-likelihood kinematic analysis of 166 M31 clusters taken from Barmby et al. (2000) and found that the most significant difference between the rotation of the metal-rich and metal-poor clusters occurs at intermediate projected galactocentric radii. Particularly, Schroder et al. (2002) presented a potential thick-disc population among M31's metal-rich GCs.
Metallicity gradient
The presence or absence of a radial trend in the metallicity of a GC sample is an important test of galaxy formation theories (Barmby et al. 2000) . In the Eggen et al. (1962) galaxy formation scenario, the halo stars and GCs should show large-scale metallicity gradients (Eggen et al. 1962; Barmby et al. 2000) ; however, in the Searle & Zinn (1978) scenario the expected metallicity distribution is more homogeneous. For the Milky Way, Armandroff (1989) provided some evidence that metallicity gradients with both distance from the Galactic plane and distance from the Galactic Centre are present in the disc cluster system. For M31, there are some inconsistent conclusions, e.g., van den Bergh (1969) showed that there is little or no evidence for a correlation between metallicity and projected radius, but most of his clusters were located inside a radius of 50 arcmin; however, some authors (see, e.g., Huchra et al. 1982; Sharov 1988; Huchra et al. 1991; Perrett et al. 2002) showed that there is evidence for a weak but measurable metallicity gradient as a function of projected radius. Barmby et al. (2000) confirmed the latter result based on their large sample of spectral and colour-derived metallicities.
In Fig. 12 , we show the metallicity of the M31 GCs as a function of galactocentric radius based on our large cluster sample. It is clear that the dominant feature of this diagram is the scatter in metallicity at any radius. However, it is also true that a trend of decreasing metallicity with increasing galactocentric distance exists, for both the metal-poor and the entire population. The slopes of the metal-poor subsample and for the entire sample are −0.006±0.001 and −0.007 ± 0.002 dex arcmin −1 , respectively, while for metalrich sample, it is 0.000 ± 0.001 dex arcmin −1 . The latter can certainly be considered as no metallicity gradient. In order to show this, we display the mean metallicity binned in 10 arcmin intervals in galactocentric radius. We can see that, within ∼ 90 arcmin, the mean metallicity decreases with galactocentric radius for both the metal-poor and for the entire population. The error bars represent the standard deviations of the means. These results are in good agreement with Perrett et al. (2002) and Huchra et al. (1991) . Therefore, we can conclude that simple smooth, pressuresupported collapse models of galaxies by themselves are unlikely to fit M31.
Metallicity versus intrinsic magnitude
The (possible) correlation between cluster mass (or luminosity) and metallicity is important in GC formation theory. It is generally believed that if self-enrichment is important in GCs, the most massive clusters could retain their metal-enriched supernova ejecta, so that the metal abundance should increase with cluster mass; the opposite is true if cooling from metals determines the temperature in the cluster-forming clouds (Barmby et al. 2000) . The possible self-enrichment of GCs has been studied in detail in some aspects (see details in Strader et al. 2006) . However, the model of GC self-enrichment developed by Parmentier et al. (1999) is particularly interesting in this context. In this model, cold and dense clouds embedded in the hot proto-galactic medium are assumed to be the progenitors of galactic halo GCs. Based on this model, Parmentier & Gilmore (2001) suggested that the most metal-rich proto-GCs are the least massive ones.
The HST provides a unique tool to study GCs in external galaxies. Recently, using the ACS onboard the HST, Harris et al. (2006) , Mieske et al. (2006) and Strader et al. (2006) found that in giant ellipticals -such as M87, NGC 4649 and NGC 7094 (although not in NGC 4472) -luminous blue GCs reveal a trend of having redder colours, such that more massive GCs are redder (more metal-rich). This trend is referred to as the "blue tilt" (see also . This blue tilt has been interpreted as a result of self-enrichment . Strader et al. (2006) speculatively suggested that these GCs once possessed dark matter haloes. Spitler et al. (2006) subsequently found that this blue tilt is also present in the Sombrero spiral galaxy (NGC 4594) and may extend to less luminous GCs with a somewhat shallower slope than derived by Harris et al. (2006) (2006) pointed out, the Sombrero galaxy provides the first example of this trend in a spiral galaxy, and in a galaxy found in a low-density galaxy environment. However, in these ACS studies, the metal-rich (redder) GCs did not show a corresponding trend (see also Bekki et al. 2007 ). Based on high-resolution cosmological simulations including GCs, Bekki et al. (2007) investigated the formation processes and physical properties of GC systems in galaxies, and found that luminous metal-poor clusters would develop a correlation between luminosity and metallicity if they originated from the nuclei of low-mass galaxies at high redshift. In fact, in the simulations of Bekki et al. (2007) , the "simulated blue tilts" come from the assumption that luminous metalpoor clusters originate from the stellar galactic nuclei of the more massive nucleated galaxies exhibiting a luminosity-metallicity relation. It is therefore evident that, in Bekki et al. (2007) , galaxies which experienced more accretion/merging events of nucleated low-mass galaxies are more likely to show a blue tilt. Fig. 13 shows the diagram of GC metallicity versus dereddened apparent magnitude. It is clear that there is no obvious trend of metallicity with luminosity similar to that in Huchra et al. (1991) and Barmby et al. (2000) . Least-squares fits show no evidence for a relationship between luminosity and metallicity in our sample clusters.
DISCUSSION AND CONCLUSIONS
In this paper, we have (re-)determined the reddening values for 443 clusters and cluster candidates in M31, as well as metallicities for 209 sample objects without spectroscopic observations. We have followed the methods described by Barmby et al. (2000) , who found that the M31 and Galactic extinction laws are the same within the observational errors, and that the M31 and Galactic GC C-M relations are also consistent with each other. The sample of spectroscopic and photometric data used in this paper is the newest and largest to date. The spectroscopic data were obtained from the most recent references currently available and the photometric data are from the most comprehensive catalogue of M31 clusters available at present, which includes 337 confirmed GCs and 688 GC candidates. Using the metallicities of the largest sample of clusters and cluster candidates at hand, we studied the properties of the M31 clusters. Our main conclusions are summarised below:
(i) The reddening distribution shows that slightly more than 50 per cent of the GCs suffer from a reddening of less than E(B − V ) = 0.2 mag, and the mean value is E(B −V ) = 0.28
+0.23
−0.14 mag. The spatial distribution of E(B − V ) indicates that the reddening on the northwestern side of the M31 disc is greater than that on the southeastern side, which is consistent with the conclusion that the northwestern side in nearer to us.
(ii) The metallicity distribution of the M31 GCs is bimodal with peaks at [Fe/H] ≈ −1.7 and −0.7 dex.
(iii) The diagram of metallicities as a function of radius from the M31 centre shows a metallicity gradient for the metal-poor GCs, but no such gradient for the metal-rich GCs.
(iv) The metal-rich clusters appear to constitute a centrally concentrated spatial distribution; however, the metal-poor clusters tend to be less spatially concentrated.
(v) There is no correlation between luminosity and metallicity among our M31 sample clusters, which indicates that selfenrichment is indeed unimportant for cluster formation in M31.
We reiterate that in using the method of Barmby et al. (2000) , there are two major unavoidable assumptions (acknowledged by these authors), i.e. that in the Milky Way and in M31 both the extinction law and the intrinsic colours of the GCs are the same. The latter assumption seems reasonable, since there is no evidence that GCs in different galaxies have different intrinsic colours. Regarding the former assumption, there is inconsistent evidence as to whether or not this is a valid assumption. For example, Walterbos & Kennicutt (1988) found that the extinction law in M31 is very similar to that in the Milky Way, by analysing the two major dust lanes on the near side of M31; however, several studies have suggested that the reddening in M31 appears to be peculiar: with E(U − B)/E(B − V ) = 1.01 ± 0.11 (Iye & Richter 1985) and E(U − B)/E(B − V ) ∼ 0.5 (Massey et al. 1995 ), compared to 0.72 for the same ratio in the Milky Way. Based on a large sample of GCs with optical and near-infrared photometric data, Barmby et al. (2000) demonstrated that the U -and K-band extinction curve of M31 is consistent with that of the Milky Way, with total-to-selective extinction coefficient RV = 3.1. In fact, the former assumption is plausible because in the M31 disc the composition and size distribution of the large normal grains which dominate the dust mass may be similar to those in the Milky Way (see for details, Xu & Helou 1996) .
As an example, we will discuss in some detail the reddening value of the M31 GC B037 (a.k.a. 037-B327), which is known to be an extremely red object. There are a few references that discuss this GC, including Barmby et al. (2002b) , Ma et al. (2006a) , Ma et al. (2006c) and Cohen (2006) . Kron & Mayall (1960) first noticed an extremely red colour in photographic (P ) and visual (V ) bands for B037, and determined its absorption to be AV = 3.90 mag. Based on the photometric data for M31 star clusters in U, B, and V of Vetešnik (1962a) , Vetešnik (1962b) studied the reddening values for these objects and found that B037 was the most highly reddened in his sample, with E(B − V ) = 1.28 mag (AV = 4.10 mag). Crampton et al. (1985) calibrated (B − V )0 as a function of spectroscopic slope parameter S of the continuum between ∼ 4000 and 5000Å, and then determined the intrinsic colours for about 40 GCs and GC candidates, including B037. Crampton et al. (1985) presented a reddening value for B037 of E(B − V ) = 1.48 mag. Armed with a large database of multicolour photometry, Barmby et al. (2000) determined the reddening value for each individual M31 GC, including B037, using the correlations between optical and infrared colours and metallicity based on various "reddening-free" parameters, and derived E(B − V ) = 1.38 ± 0.02 mag for B037. Using spectroscopic metallicities to predict the intrinsic colours, Barmby et al. (2002b) rederived the reddening value for this GC, E(B − V ) = 1.30 ± 0.04 mag. Recently, Ma et al. (2006a) determined the reddening and age of the B037 by comparing multicolour photometry with theoretical stellar population synthesis models. The reddening towards B037 determined by Ma et al. (2006a) is E(B − V ) = 1.360 ± 0.013 mag. The reddening value for B037 determined in this paper is E(B − V ) = 1.21 ± 0.03 mag. It is clear that the consistent reddening values for B037 from different references confirm that this cluster suffers from very large extinction. In fact, Ma et al. (2006c) showed the dust lane across the face of the cluster using an HST/ACS image, which may partially account for its very large reddening value (see also Cohen 2006) .
